Morphometric and colour pattern variation in the endemic Iberian salamander Chioglossa lusitanica is concordant with the genetic differentiation of two groups of populations separated by the Mondego river in Portugal. Salamanders from the south have shorter digits than those from the north. Clinal variation with a south to north increase in limb, toe and fi nger length was found superimposed on this dichotomy, resulting in stepped clines for characters describing appendage size. Genetic variability was paralleled by colour pattern variability in the contact zone and in northern populations. To explain the observed parallels we invoke the neutral processes of vicariant isolation, admixture in a secondary contact zone, genetic drift in addition to selection acting along an environmental gradient. Morphological constraints imposed by a highly specialized ecological niche may explain why the genetic subdivision of C. lusitanica since the early Pleistocene has remained fairly cryptic.
Introduction
The discovery of genetically differentiated groups of populations within species raises the question of how infl uential genetic isolation has been in generating phenotypic diversity. Since morphological traits are products of both genetics and the environment (see e.g. Schluter, 2000) it is relevant, from an evolutionary perspective, to determine whether morphological variation refl ects historical isolation or local adaptation despite recurrent gene fl ow. To distinguish between these non-exclusive hypotheses it is important to study a variety of traits. Differentiation arising from historical isolation of populations (i.e. with the stochastic effects of mutation and drift acting independently in isolated populations) will likely generate parallel patterns across characters of different nature, e.g. genetics and morphology, whereas adaptation across environmental selection gradients will not, or not necessarily so. Organismal constraints involving plasticity and autopoiesis may however cause morphological stasis despite considerable levels of genetic and environmental change through evolutionary time, such as in Plethodontid salamanders (Wake et al., 1983 ; see also Larson, 1984) . In the case of cryptic closely related lineages one way of testing hypotheses on the extent and nature of phenotypic diversity has been the multivariate statistical analysis of morphometric data (e.g. Good and Wake, 1992; Arntzen and Sket, 1997; Puorto et al., 2001) .
The golden-striped salamander, Chioglossa lusitanica Bocage 1864, is a streamside species inhabiting low and medium elevation mountainous areas in the northwest of the Iberian Peninsula (Fig. 1) . Alexandrino et al. (1997 Alexandrino et al. ( , 2000 Alexandrino et al. ( , 2002 analyzed allozyme and mitochondrial DNA variation and uncovered two genetically distinct groups of populations geographically separated by the river Mondego in central Portugal (group 1 south of the river and group 2 north of the river). The two groups represent lineages that separated in the early Pleistocene, probably as a result of climate change in combination with local environmental conditions and formed a secondary contact zone in postglacial times (Sequeira et al., 2005) . The northern part of the present range was colonized from a refugium located in between the Mondego and the Douro. Major rivers such as the Douro and, more to the north, the Minho acted as barriers to dispersal, lowering genetic diversity through sequential bottlenecking (Alexandrino et al., 2000) .
Morphological variation in C. lusitanica was fi rst observed by Vences (1990) , but with only three populations studied in Portugal, robust spatial patterns could not be discerned. We here describe morphological variation within C. lusitanica to investigate if i) the diversifi cation of C. lusitanica in two population groups and ii) the decrease of genetic diversity in recently colonized areas, have been paralleled by morphological variation. If genetic drift has been underlying morphological evolution we expect concordance between genetic and morphological patterns of variation. Conversely, non-concordance between genetics and morphology is expected if directional selection and epistasis have been major sources of morphological variation (see Reed and Frankham, 2001) . We specifi cally test morphometric and colouration pattern variation across the species' range against the causal hypotheses of i) vicariance of groups 1 and 2 and ii) isolation by distance. Latitudinal increase/decrease in morphological trait diversity is examined against causal hypothesis of i) genetic heterozygosity ii) hybrid origin of populations and iii) geographic distance between populations.
Material and methods
A total of 420 adult Chioglossa lusitanica was collected from 20 localities (Fig. 1) . Sample sizes ranged from 7 to 51. For each individual the dorsal colouration pattern was classified on two accounts i) prominence of colour spots on the dorsum and ii) proportion of colour patches relative to colour stripes, with six ranked (0-5) colour pattern types as follows: type 0, coloured patches absent i.e., melanic; type 1, few coloured patches arranged into incomplete stripes; type 2, two uninterrupted coloured stripes, separated by a dark area of approximately the same width (typical pattern); type 3, stripes wider; type 4, central area with coloured patches diffusely distributed; and type 5, central area with coloured patches densily packed in a mosaic pattern. For a general impression of colour pattern variation in C. lusitanica see Vences (1990) . Seven morphometric measurements were taken on 275 individuals representing all populations except nos. 14 and 17: snout-vent length (SVL), head (snout-gular) length (HL), head width (HW), forelimb length (FLL), hindlimb length (HLL), third fi nger length (TFL) and fourth toe length (FTL) (Fig. 2 ). Measurements were taken to the nearest 0.1 mm with digital callipers by a single observer (JA) on animals anaesthetized with MS-222. Subsequently, salamanders were released on their localities of origin.
Morphometric data were log-transformed to reduce deviations from normality and distortion effects caused by allometric relationships. Population means were compared by multivariate analysis of variance (MANOVA) with the variable 'sex' nested under the variable 'locality'. All measurements showed signifi cant differences between populations (Wilks' lambda = 0.098, P< 0.001; univariate results all with P< 0.001) and HL and FLL showed signifi cant differences between sexes (respectively, F = 2.865, P< 0.001 and F = 4.437, P< 0.001). Subsequent morphometric analyses were performed for males and females separately by principal component analysis (PCA) with the software package (20) Cuera (CU). Solid dots denote populations for which genetic data are available (Alexandrino et. al., 2000) . Pie diagrams represent colour pattern classes (see text for details):
Statistica/w 4.5 (StatSoft, 1993) . Following confi rmation that size explained most of the observed variability (fi rst axis explained c. 54% of the variance, with variable negative correlations of 0.65-0.83), the residuals of the regression of log<character> against logSVL were used, hereafter denoted by the symbol # linked to the variable name. Trend surface maps were generated by kriging under default settings in Surfer 6.0 (Golden Software, 1996) geostatistical software.
Morphological differentiation, expressed by pairwise euclidean distances between population means (both of size adjusted variables and scores of size adjusted PCA), was tested against the independent variables geographic distance (measured on 1:100,000 maps) and group membership by partial Mantel tests (RT 2.0; Manly, 1996) , with 10000 randomizations. Similarly, morphometric variability (population distances calculated from the variance on the PCA axes) and colour pattern variability (population distances calculated from the coeffi cient of variation) were tested against genetic heterozygosity and hybridity (Alexandrino et al., 2000) . Hybridity distinguished populations located within and outside the putative contact zone (nos. 3, 4, 6 and 7 versus the others). To evaluate the a posteriori classification of individuals in each population to either group 1 or group 2, Discriminant Analysis (DA) was performed on size adjusted morphological measurements with Statistica/w 4.5 (StatSoft, 1993) . The hypothesis of association between morphological variation and latitude was tested through linear regression of PCA1 scores with distance along a south to north axis.
Results

Morphometrics
The fi rst and the second PCA axes explained, respectively, c. 47% and c. 20% of the variance, for both males and females (Table 1 ). The fi rst axis had high factor loadings for limb and digit variables (0.76 to 0.89). The second axis had high loadings for head length and head width (0.54 to 0.84). Hence, the variation observed for head shape and the size of the extremities was largely independent. Mean population factor scores for the fi rst axis increased from south to north, refl ecting an increase in relative size of limbs and digits (Figs. 3 and 6 ). Mean factor scores for the second axis did not show any readily interpretable geographic pattern (Fig. 3) .
Colour pattern
Colour pattern type 2 was the most common one in all examined populations, except for populations 10 and 11 in which type 3 was most frequent (Fig. 1) . Type 3 was present in all populations south of the Douro River. Other pattern types were present in some populations and not in others. Types other than type 2 were absent north of the Douro, with the exception of type 4 that was present, albeit at low frequency, in populations 12, 13 and 20.
Testing causal hypotheses
Scores on the fi rst PCA axis were signifi cantly associated with geographic distance, group membership (Table 2 ) and latitudinal distance (Fig. 5) . Scores on the second axis were not associated with either of the independent variables (Table 2 ). Classifi cation of individuals (both females and males) in group 2, following DA, increased gradually from south to north (Fig. 4) . In females, head length and head width were associated with geographic distance and group membership, respectively. Size of the extremities was associated with geographic distance, with the exception of FLL# in males. Digit length and HLL# in males were also associated with group membership. Colour pattern was associated to neither geographic distance or group membership. Morphometric variability was not associated with any of the formulated independent variables (Table 3) . Colour pattern variability was associated with hybridity and not with geographic distance or heterozygosity. Additionally, a trend was observed for colour pattern variability to decrease from south to north in group 2 populations (Fig. 1) .
Discussion
Morphometric variation in the endemic Iberian salamander Chioglossa lusitanica was found to be consistent with documented genetic differentiation. Group 1, from south of the Mondego river in Portugal, is characterised by shorter digits than group 2, from north of the Mondego. A pattern of south to north clinal variation with increasing limb, toe and fi nger length was found superimposed on this dichotomy, resulting in stepped clines for each of the characters describing appendage size. We suggest that both historical, vicariant isolation and selection processes account for the observed variation. Short appendages, with a low volume to surface ratio, may represent an adaptation to xeric (i.e. less moist) environments (Nevo, 1972; Lee, 1993) . Chioglossa lusitanica is a terrestrial streamside salamander extremely dependent on moist habitats and indeed the level of annual precipitation is the main predictor of its range in Portugal (Teixeira et al., 2001; Arntzen and Teixeira, 2006) . Given that southern populations appear to occupy a more xeric environment than northern populations (Arntzen and Alexandrino, 2004) and assuming that rainfall gradients in the past paralleled those of today, selection could have produced the documented (stepped) clines. The general pattern of contemporary restricted gene fl ow between populations of C. lusitanica recently revealed by microsatellite data (F. Sequeira et al., unpublished data) would favour local adaptation along selection gradients, originating the observed morphological pattern of latitudinal variation. The action of either selection or stochastic drift, or both, associated with vicariant isolation may have originated the stepped clines at appendage size, across the Mondego.
Neither colour pattern nor colour pattern variability was associated with group membership or with geographic distances between populations. However, colour pattern variability was higher within the group 1-2 contact zone than elsewhere, suggesting that the mixing of differentiated gene pools increased phenotypical variability. Two more parallels between morphology and genetics were found within group 2 populations. First, a south to north decrease was observed in genetic and colour pattern variability. The processes of sequential bottlenecking and drift invoked to explain the decrease in genetic variation (Alexandrino et al., 2000) appear equally applicable to morphological variation. Secondly, the dominance of the otherwise rare colour type 3 in populations 10 and 11, immediately south of the Douro, may refl ect a separate historical refugium in this area, as was suggested by the local presence of unique nuclear and mtDNA alleles (Alexandrino et al., 2000 (Alexandrino et al., , 2002 .
The genetic subdivision of C. lusitanica is not matched by an equally pronounced morphological differentiation. Selection operating along environmental gradients appears to be more important in shaping phenotypic diversity than genetic isolation. Cryptic differentiation and clines are phenomena common to many amphibian species (Larson, 1984; Green et al., 1996) , streamside salamanders in particular (Good and Wake, 1992; Carlin, 1997; Tarkhnishvili et. al., 2000) . For example, C lusitanica and Mertensiella caucasica share ancestry at 14-15 million years before present (Veith et al., 1998) with the further intraspecifi c genetic differentiation (roughly 1-2 and ~10 million years before present, respectively) being accompanied by morphological stasis (Alexandrino et al. 2000, present paper; Tarkhnishvili et al., 2000) . The two species show strong interdependences in ecological, morphophysiological, reproductive and developmental features associated to a streamside life-history (Tarkhnishvili, 1994) . In combination with the remarkable evolutionary convergence observed among streamside salamanders, such as C. lusitanica and phylogenetically unrelated plethodontid species (e. g., Eurycea longicauda; Wake and Özeti, 1969) , this suggests that constraints are in place that prevent departure from a highly specialized morphotype.
